In the periphery of ischemic brain lesions, transient spreading depression-like direct current (DC) deflections occur that may be of pathophysiological im portance for determining the volume of the ischemic in farct. The effect of these deflections on cerebral blood flow, tissue oxygen tension, and electrophysiology was studied in rats submitted to intraluminal thread occlusion of the middle cerebral artery (MCA) and compared with the changes following potassium chloride (KCl)-induced spreading depression of intact animals, Immediately after MCA occlusion, cortical laser-Doppler flow (LDF) in the periphery of the MCA territory sharply decreased to 35 ± 14% of control (mean ± SD; p < 0,05), tissue P02 de clined from 28 ± 4 to 21 ± 3 mm Hg (p < 0.05), and EEG power fell to -80% of control. During 7-h occlusion, 3-11 DC deflections with a mean duration of 5.2 ± 4.8 min occurred at irregular intervals, and EEG power gradually During the last years, several laboratories have been able to show that glutamate antagonists reduce the volume of ischemic infarcts (Ozyurt et aI. , 1988; Park et aI., 1988; Dirnagl et aI., 1990). The thera peutical effect could not be attributed to increased cerebral blood flow (Park et aI., 1989; Iijima et aI., 1992), indicating that molecular mechanisms are in volved. This observation is widely held to support an excitotoxic mechanism of brain infarcts in anal ogy to glutamate toxicity in vitro (Choi, 1985) and the phenomenon of delayed neuronal death in se lectively vulnerable brain regions following a period of global ischemia (Suzuki et aI., 1983). The com-
declined to 66 ± 16% of control (p < 0.05). During the passage of DC deflections, LDF did not change, but P02 further declined to 19 ± 4 mm Hg (p < 0.05). KCI-induced depolarizations of intact rats were significantly shorter (1.4 ± 0.5 min; p < 0.05) and were accompanied by a 43% increase in LDF (p < 0.05) and a slight but significant increase in tissue P02 from 22 ± 4 to 25 ± 4 mm Hg (p < 0.05). The comparison of peri infarct and KCI-induced de polarizations demonstrates that oxygen requirements are not coupled to an appropriate flow response in the peri infarct zone with severely reduced blood flow. The re sulting episodes of relative hypoxia could explain the pre viously documented relationship between the number of depolarizations and infarct volume. Key Words: Direct current potential-Electroencephalogram-Focal isch emia-Spreading depression-Tissue Po2• parison of the formal pathogenesis of global and focal ischemia, however, reveals striking differ ences that are difficult to reconcile with a unified excitotoxic hypothesis. Although both global and focal ischemia result in the transient increase of ex tracellular glutamate (Benveniste et aI., 1984 , Shi mada et aI. , 1989 , Globus et aI., 1991 , global isch emia damages only the small population of selec tively vulnerable neurons (Kirino, 1982) . There is also a difference in the time of manifestation of in jury, which in focal ischemia occurs within a few hours (Tamura et aI., 1981) , whereas cell death after global ischemia is delayed for several days (Kirino, 1982) . Glutamate toxicity in vitro, in turn, differs from both focal and global ischemia. Both ischemic conditions are associated with an immediate disag gregation of ribosomes (Morimoto and Yanagihara, 1981; Bonnekoh et aI., 1992) and near-complete in hibition of protein synthesis (Mies et aI., 1991; Wid mann et aI., 1991) , but glutamate toxicity results in gradually progressing disaggregation, which, more over, is present only if the culture medium is de prived of trophic factors (Dux et aI., 1992) . These differences suggest that neuronal death results from different p athophysiologies in which glutamate is involved in various ways.
Recently, we suggested that the role of glutamate in the pathophysiology of brain infarcts could be related to the generation of periinfarct spreading de pression-like depolarizations (Iijima et aI., 1992) . Such depolarizations occur at irregular intervals in the periphery of an ischemic lesion (Nedergaard and Astrup, 1986) , and the number of depolariza tions correlates with the volume of the ischemic infarct (Chen et aI. , 1993; Mies et aI. , 1993b) . We were able to show that these depolarizations can be suppressed by the noncompetitive N-methyl-D aspartate antagonist MK-801 and that this interven tion dramatically lowers the threshold of ischemia for the inhibition of protein synthesis (Mies et aI. , 1993a) . Since glutamate is known to propagate spreading depression (Marrannes et aI., 1988) , the pharmacomechanism of glutamate antagonists could be the prevention of the periinfarct depolar ization rather than the alleviation of an excitotoxic neuronal injury.
An argument against this interpretation is the paucity of pathological changes induced by spread ing depression per se (Nedergaard and Hansen, 1988) . However, there may be a difference in tissue vulnerability of spreading depression in intact and ischemic brains. Spreading depression substantially increases the metabolic rate to cope with the in creased workload of ion exchange pumps (Gjedde et aI., 1981) . In the intact brain, this rise in meta bolic activity is coupled to the parallel increase of blood flow to ensure adequate oxygen delivery (Hansen et aI., 1980; Kocher, 1990) . It is possible that this coupling is disturbed in the surroundings of the infarct and that this region suffers a period of relative hypoxia during the passage of each depo larization. To test this hypothesis, we compared the relationship between cerebral blood flow, tissue ox ygenation, and spontaneous electrocortical activity during periinfarct depolarizations in middle cerebral artery (MCA)-occluded rats and KCl-induced spreading depression in intact animals.
MATERIAL AND METHODS

Experimental groups
Experiments were performed in male Wistar rats weighing 280-370 g. Animals were assigned to three ex perimental groups: sham-operated controls (n = 4), MCA occlusion (n = 8), and KCl-induced spreading depression (n = 4).
General preparation
Animals were anesthetized with 1.5% halothane and 70% N20 (remainder 02)' A femoral artery and a femoral vein were cannulated for continuous measurement of ar terial blood pressure, intravenous administration of drugs and fluid, and to obtain samples for blood gas analysis. After insertion of a tracheal tube, the animals were im mobilized with pancuronium bromide (0.3 mg/kg) and ar tificially ventilated. Halothane concentration was then re duced to 0.8%, but nitrous oxide concentration remained at 70%. A rectal temperature probe was inserted and con nected to a feedback-controlled heating pad. Body tem perature was kept between 36.3 and 36.8°C throughout the observation period.
MCA occlusion
A neck midline incision was made and the right com mon carotid artery was mobilized. Following transection of its branches, the external carotid artery was ligated and dissected under the microscope. A 3-0 nylon thread (0.26 mm in diameter, the tip rounded by a flame and coated) was introduced into the proximal stump of the external carotid artery and passed through the internal carotid ar tery until it reached the base of the skull (Longa et al., 1990; Nagasawa and Kogure, 1989) . In the sham-operated controls, the thread remained in this position. For MCA occlusion, the thread was advanced by 10-11 mm until a resistance could be felt.
KCl-induced spreading depression
In spreading depression experiments, a right parietal trepanation (see following) was carried out 1 mm anterior of the lambdoid suture. The dura was incised for the top ical application of a cotton ball soaked with saturated KCl. Spreading depression was stimulated every 30 min over a 3-h observation period.
Tissue P02 measurement and calibration
For the polarographic measurement of tissue Po2, plat inum-iridium microelectrodes (tip diameter <50 f,Lm, coated by polystyrene) were constructed and individually calibrated before each experiment. Differential amplifiers with a 100-0 input impedance were used. The electrodes were polarized with -750 m V and calibrated at 37°C with defined N2/02 gas mixtures. The highpass corner fre quency of the P02 electrodes was 10 Hz. Interference with DC shifts was excluded by passing direct current (DC) for 50 s through the calibration chamber; electrical suppression was better than -55 dB.
Physiological recordings
After rats were mounted in a stereotaxic frame, the skull was exposed by midline incision. A small trepana tion was performed 1.5 mm posterior of the right coronal suture. The dura was carefully removed to insert two microelectrodes 250 f.Lm deep into the parietal cortex for the measurement of tissue P02 (coordinates: 2 mm pos terior to bregma, 1 and 1.5 mm lateral, respectively). In between, a miniature calomel electrode was placed on the cortical surface to record cortical steady potential and EEG. The reference electrode was positioned contralat erally on the skull. The connection between tissue and electrodes was established by a saline-rinsed cotton wick. A needle temperature probe was inserted into the tempo ral muscle to monitor head temperature ( Fig. 1 ).
Blood flow was measured continuously by laser Doppler flowmetry (LDF). The LDF probe was posi-tioned adjacent to the trepanation, the skull bone being thinned with a drill (Fig. 1) . Flow changes were expressed as percentage of baseline value.
Recordings were carried out for 7 h after MCA or sham occlusion. In spreading depression experiments, record ing was terminated 3 h after induction of the first spread ing depression to match the estimated number of post ischemic DC shifts.
EEG power was stored on digital tape and processed off-line by fast Fourier frequency analysis. EEG power was calculated by integrating Fourier coefficients cover ing the frequency range from 0.5 to 32 Hz and averaged over 30-s intervals. The frequency index was defined as the ratio of the power of the a and 13 frequency bands divided by the power of the 6 and 1) frequency bands.
Morphological and biochemical evaluation
Experiments were terminated by funnel-freezing the brains in situ with liquid nitrogen. Coronal cryostat sec tions (20-jJ.m thickness) were prepared for cresyl violet and hematoxylin-eosin staining and for bioluminescent imaging of regional ATP content (Kogure and Alonso, 1978) . Tissue samples were taken from the rest of the brains and processed by standard enzymatic analysis to calibrate the bioluminescent images.
Statistics
Values are expressed as means ± SD. Statistical dif ferences between experimental groups and repeated mea sures were determined by Fischer's protected least squares difference test. p < 0.05 was accepted as signif icant. 
RESULTS
Physiological variables
Cortical DC recordings
In the sham-operated control animals, negative DC deflections were absent except in one animal where a single DC shift was observed. Cortical in sertion of micro electrodes did not trigger DC tran sients. Following MCA thread occlusion, an initial negative DC deflection was observed in all rats with a latency of 1.7 ± 1.4 min (mean ± SD). During the subsequent 7-h observation, 2-10 additional spon taneous DC shifts were recorded in the parietal pen umbra of the infarct. The frequency distribution of these DC shifts (expressed as number per 0.5 h) demonstrated two peaks, the first during the initial 2 h, the second 4-6 h postocclusion. In no case could a transition into anoxic depolarization be ob served. Topical KCI application induced three to nine (median five) spreading depression waves per experiment. In the MCA occlusion group, the du ration of negative DC deflections was 5.2 ± 4.8 min (Table 2) . KCI-induced DC transients were signifi cantly shorter (1.4 ± 0.5 min; p < 0.05) and exhib ited a lower amplitude in comparison with the MCA occlusion group (9.9 ± 2.7 vs. 14.2 ± 5.5 mY; p < 0.05).
Cortical blood flow and tissue P02
In sham-operated controls, LDF and tissue P02 remained constant throughout the observation pe riod. Following thread occlusion, LDF in the pe riphery of the MCA territory sharply declined to 35 ± 14% of control (p < 0.05) (Fig. 2) . In parallel, tissue P02 decreased from 28 ± 4 to 21 ± 3 mm Hg (p < 0.05), Subsequently, both parameters slightly improved to -40% and 23 mm Hg, respectively, and remained at this level throughout the rest of the experiment (Fig. 2) . Tissue P02 before the passage of peri infarct DC shifts was 23.5 ± 3.8 mm Hg, and LDF was 39 ± 15% of control. During the passage of DC transients, LDF did not change, but tissue P02 further declined to 19 ± 4 mm Hg (p < 0.05; Table 2 ; Fig. 3 ). In contrast, KCl-induced spreading depression was accompanied by a 43% increase of LDF (p < 0.05) and a slight increase of tissue P02 by 13 ± 6% from 22 ± 4 to 25 ± 4 mm Hg (p < 0.05; Table 2 ; Fig. 3 ).
EEG
In sham-operated controls, both the power and the frequency index of EEG remained normal for 7 h. MCA occlusion reduced EEG power to 86 ± 27% of control after 0.5 h and further to 66 ± 16% of control (p < 0.05) at the end of 7-h observation time ( Fig. 2) . After occlusion the frequency index tran siently increased from 0.40 ± 0.09 to 0.68 ± 0.23 (p < 0.05), but then it returned to normal or slightly decreased to 0.35 ± 0.09 (not significant). During negative DC deflections, EEG power was grossly reduced and remained significantly suppressed for > 10 min ( Figs. 3 and 4) . In contrast, reduction of EEG power following KCl-induced spreading de pression was significantly reduced for only 4.5 min (Fig. 4) .
Histology and cerebral metabolites
Histological sections exhibited well demarcated infarcts in the territory of the occluded MCA in volving basal ganglia as well as temporo-parietal cortex. ATP images demonstrated complete ATP depletion in the center of the MCA territory but preserved energy metabolism in the periinfarct bor derzone where microelectrodes and LDF probe were positioned. This confirms that recordings of tissue P02 and flow were carried out in the penum bra region of infarcts.
DISCUSSION
The present observations of repetitive spreading depression-like depolarizations in the surroundings of an acute ischemic infarction confirm previous findings from our and other laboratories (Neder gaard and Astrup, 1986; Gill et aI., 1992; Iijima et aI., 1992) . Branston et al. (1977 ) described oscillat ing increases of extracellular potassium after MCA occlusion in the primate, the localization and timing of which resembled the here-described DC shifts. Using intracortical micropipettes for recording of DC potential, Nedergaard and Astrup (1986) corded repetitive steady potential shifts in the pe riphery of the rat MCA territory after occlusion of this vessel. In our laboratory the shifts could also be recorded with nonpolarizable calomel electrodes that were brought into contact with the cortical sur face in the surroundings of the ischemic infarct (Ii jima et aI., 1992) . Most of these spontaneous depo larizations are spreading-like phenomena, while a few are probably due to independent foci of low blood flow (Nedergaard and Hansen, 1993) . It is therefore reasonable to assume that most of the periinfarct steady potential shifts are evoked by the release of potassium and/or glutamate from the cen tral part of the ischemic territory. The application of small KCI-soaked cotton balls to the cortex of the intact rat evoked a series of repetitive DC shifts, the amplitude and frequency of which were similar to those after MCA occlusion. The potential of glutamate to evoke spreading de pression was demonstrated by van Harreveld and Fifkova (1973) . Obviously, the here-observed peri infarct DC shifts were generated in viable tissue. Although blood flow decreased to <50% of control, EEG activity was present, and the tissue was able to repolarize after the passage of DC shifts. This is different from the so-called terminal depolarization in the center of the infarct, which occurs at a lower flow threshold of � 10--15% of control and is asso ciated with a suppression of electrical activity and a breakdown of energy metabolism and energy dependent ion pumps.
The similarity between KCI-induced and periin farct DC shifts raises the question of whether this phenomenon is of pathological significance for in farct development. Most researchers dealing with spreading depression in intact animals have been surprised by the paucity of functional or morpho logical damage (Nedergaard and Hansen, 1988) . Siesjo and Bengtsson (1989) even coined the ex pression of a "pathological event without pathol ogy. " Only recently, microglial and-in case of pro longed repetitive spreading depression-astroglial activations have been described (Kraig et aI., 1991; Gehrmann et aI., 1993) , but these are reversible changes that are not associated with neuronal in jury.
However, the pathological significance of spread ing depression may be different under conditions of constrained energy availability. In fact, spreading depression is an energy-requiring process that leads to substantial activation of energy-producing me tabolism. Measurements of cerebral metabolic rate of glucose carried out under similar conditions of repetitive spreading depression as in the present study revealed an increase by 77% (Kocher, 1990) . Other authors reported a threefold increase in glu cose consumption (Gjedde et al., 1981) and a 45% rise of oxygen consumption (Mayevsky and Weiss, 1991) . This rise is coupled to an augmentation of flow and, in consequence, oxygen transport (Mayevsky and Weiss, 1991) . Despite the increase of oxygen availability, the oxygen requirements of the enhanced metabolism are only marginally cov ered. This is reflected by the fluctuations of the redox state of the brain during the passage of spreading depression and the sensitivity of these changes to alterations of the level of anesthesia (Mayevsky et al., 1982) . The inadequate oxygen supply leads to stimulation of anaerobic glycolysis, as demonstrated by the increase in lactate and the decline of tissue pH during and after the passage of spreading depression . It is there fore not surprising that impairment of blood supply to the brain by ligating the carotid arteries results in reduction of the respiratory chain when spreading cortical depression is evoked (Mayevsky et al., 1982) .
In the periphery of an occluded cerebral artery, a similar situation is present. Previous measurements of segmental vascular resistance revealed that the hemodynamic capacity of the collateral vessels is greatly reduced as compared with normal brain ves sels (Date et al., 1984) . This might be the reason for the fact that in the present investigation penumbral blood flow did not increase during the passage of periinfarct depolarizations. In a previous study from our laboratory using rat MCA coagulation, Ii jima et al. (1992) observed blood flow increases of variable degree during the DC transients, which ceased over the first 3 h of ischemia. This is not in contradiction to the present results since, in that study, the flow probe was located more peripherally in a region in which blood flow was less reduced than in the present study. Obviously, the flow re sponse in the ischemic penumbra is limited by the hemodynamic capacity of the collateral system: The closer the area is located to the infarct core, the lesser flow increases during functional/metabolic activation.
The pathological significance of the disturbance of flow regulation is supported by the observation that the duration of peri infarct DC shifts was clearly prolonged. This suggests that the low-energy yield of nonoxidative metabolism prolongs the time re-quired to restore membrane polarization and thus enhances the ionic disturbances that occur during the passage of DC shifts. The previously reported heterogeneous dissociation between flow, metabo lism, and ion homeostasis in the periphery of the experimental infarcts of cats is also in line with this interpretation (Hossmann et al., 1985) .
Histopathological studies in focal ischemic rats demonstrated growth of infarction from 4 to 24 h postocclusion, although blood flow was stable in most ischemic structures (Hakim et al., 1992) . This is in line with our finding of a progressive deterio ration of the EEG power spectrum and suggests that penumbral tissue suffers an increasing mis match between metabolic demands and substrate supply. It also explains that therapeutical suppres sion of periinfarct spreading depression leads to an alleviation of ischemic injury. N edergaard and Hansen (1988) observed acidophilic neurons in the periphery of the ischemic territory that disappeared when spreading depression was inhibited by hyper glycemia. In our laboratory a linear relationship could be established between the infarct volume and the number of periinfarct spreading depression waves after treatment with N-methyl-D-aspartate or a-amino-3-hydroxy-5-methyl-4-isoxazole propri onic acid (AMPA) antagonists (Mies et al., 1993b; K. Kohno et al., in preparation) . Recently, Chen et al. (1993) reported that this relationship could be demonstrated also for the temperature modulation of focal ischemic injury in rats.
The comparison of KCI-and ischemia-induced spreading depression sheds some interesting light on the mechanism of ischemic cell injury. Depolar ization presumably spreads by release of glutamate, as evidenced by its blockade with glutamate antag onists (Marrannes et al., 1988) . Glutamate is widely held to be a mediator of ischemic cell injury because the resulting cytosolic calcium flooding is thought to cause irreversible damage (Siesj6 and Bengtsson, 1989) . However, this concept is difficult to recon cile with the absence of histological injury after spreading depression induced in nonischemic ani mals (Nedergaard and Hansen, 1988) . There are also other arguments against glutamate toxicity, such as the amazing glutamate resistance of brain slices and serum-supported neuronal cultures (Dux et al., 1992; B. Djuricic et al., in preparation) . We therefore suggest that glutamate damages the tissue only under the condition of restricted oxygen avail ability; i.e., injury is brought about by the misrela tionship between reduced oxygen supply and the increased oxygen demands of the depolarized cells, and not by "excitotoxicity." This explains why the size of an infarct can be reduced not only by gluta-mate antagonists but also by other interventions that are able to block spreading depression (Ger mano et aI., 1987 ; Nedergaard et aI., 1987 ; Ashton et aI., 1990; Chen et aI., 1993) .
In conclusion, the present investigation demon strates that periinfarct spreading depression differs from KCI-induced spreading depression in the in tact brain by the fact that the increased oxygen de mands of the repolarizing tissue are not coupled to an adequate increase of blood flow in the ischemic penumbra. As a result, episodes of relative tissue hypoxia develop that enhance the primary ischemic injury and contribute to the final size of the infarct. This finding explains why suppression of spreading depression reduces infarct size, and it opens new ways for the rational development of stroke ther apy.
